Microcosm studies were conducted to evaluate the survival and performance of a recently discovered polycyclic aromatic hydrocarbon (PAH)-degrading Mycobacterium sp. when this organism was added to sediment and water from a pristine ecosystem. Microcosms inoculated with the Mycobacterium sp. showed enhanced mineralization, singly and as components in a mixture, of 2-methylnaphthalene, phenanthrene, pyrene, and benzo[a]pyrene. Studies utilizing pyrene as the sole added PAH showed that the Mycobacterium sp. survived in microcosms for 6 weeks both with and without preexposure to PAH and mineralized multiple doses of pyrene. Pyrene mineralization rates for sterilized microcosms inoculated with the Mycobacterium sp. showed that competition with indigenous microorganisms did not adversely affect survival of or pyrene degradation by the Mycobacterium sp. Pyrene mineralization by the Mycobacterium sp. was not enhanced by inorganic nutrient enrichment and was hindered by organic nutrient enrichment, which appeared to result from overgrowth of indigenous bacteria. This study demonstrates the versatility of the PAH-degrading Mycobacterium sp. and expands its potential applications to include the degradation of two-, three-, four-, and five-ringed PAHs in sediments.
Polycyclic aromatic hydrocarbons (PAHs) occur commonly in the environment as incomplete combustion products of fossil fuels and organic compounds (8, 10) . PAHs may be acutely toxic or genotoxic, depending upon the number and configuration of fused benzene rings and the presence or absence of other substituents (for a review, see reference 1). Most higher-molecular-weight PAHs are genotoxic and, due to their low water solubility, are usually bound to suspended particles in aquatic ecosystems and ultimately deposited into sediments (8, 15, 16) . Significant levels of PAHs have been reported in sediments from many industrialized areas throughout the world (12) .
There is growing interest in the use of microbial technologies to degrade xenobiotic chemicals in the environment (17) . However, one major factor determining the success of bioremediation is the availability of microorganisms which possess the catabolic enzymes needed to degrade the chemicals of interest. It is known that selection or adaptation of chemical-degrading microbial populations may occur in the environment as a result of exposure to chemicals (14, 19, 21) , but these shifts in microbial populations may occur slowly and are dependent upon the degradability of the chemicals. In the case of PAHs, many genera of bacteria have been reported to utilize lower-molecular-weight PAHs containing two or three fused aromatic rings as the sole sources of carbon and energy (for a review, see reference 1). However, much less is known about the existence of microorganisms and the chemical pathways for the degradation of the more recalcitrant higher-molecular-weight PAHs. Although the mineralization of phenanthrene, a PAH containing three aromatic rings, by a Mycobacteriuhm sp. has been reported (2), we recently reported the discovery and characterization of a Mycobacteriitn sp. which was able to extensively degrade PAHs containing up to five fused aromatic rings (5, 6) . This Mycobacterium sp. was isolated from a eutrophic estuarine ecosystem which has been chronically exposed to petrogenic wastes from an oil field (4) . We used the Mycobacterium sp. in subsequent studies to investigate the mechanisms for initial enzymatic attack and the chemical pathway for the degradation of pyrene, a PAH containing four condensed aromatic rings (7) .
The ultimate usefulness of any chemical-degrading microorganism depends upon its survival and performance in diverse ecosystems. In the present study, we report enhancement of PAH degradation in water and sediments from a freshwater ecosystem after inoculation with the recently discovered PAH-degrading Mycobacteiuiiin sp. The ecosystem in this report is pristine and normally unable to degrade PAHs containing four or more aromatic rings (4). In addition, we examined the effects of microbial competition, inoculum size, PAH preexposure, and nutrient enrichment on PAH degradation in pristine water and sediments containing the Mycobacteriimn sp. Effects of microbial competition and inoculum size on pyrene mineralization. Figure 3 shows pyrene mineralization in natural and sterilized microcosms from DeGray Reservoir that received a single inoculum of the PAH-degrading Mycobacterium sp. Pyrene mineralization was similar in both treatment groups and totaled about 40% after 3 weeks, with no lag phase. However, pyrene mineralization slowed in all microcosms after 3 weeks. Since a plateau in pyrene mineralization was observed in the microcosms, they were respiked with labeled and nonlabeled pyrene to determine whether the inoculated Mycobacteriltin sp. remained viable and functional after 6 weeks. The arrow in Fig. 3 indicates the time point for respiking. In both treatment groups, pyrene mineralization showed no lag phase after respiking and equaled or exceeded the total pyrene mineralization observed during the first 6 weeks of the experiment. These data indicate that the introduced Mvcobacteriu,n cells remained viable. The plateau observed in the mineralization of pyrene may result from sorption of the PAH onto the sediment matrix or may be related to the kinetics of degradation of pyrene by the microorganisms. We previously reported that most of the organic-extractable residues produced by this Mycobacterium sp. were metabolites resulting from the partial degradation of pyrene (5) . Chemical analysis of organic-extractable residues in the microcosm water by previously reported methods (7) showed that, on chromatography, most of the '4C-residues remaining in the microcosms in the present study behaved in a manner similar to that of 4-phenanthroic acid, 4-hydroxyperinaphthenone, and other more highly polar metabolites (data not shown). These are the chemicals we previously reported to be polar metabolites of pyrene produced in pure culture by the Mycobacterirmn sp. (7). Microbiological examination of respiked sediments at the end of the experiment resulted in the isolation of 2.8 x 105 Mycobacteriurm cells per g (wet weight) of sediment, which suggests an increase in the Mycobacteriurm population during the 10-week experiment. Since an increase in Mycobacteriumn populations was observed in the respiking experiments, we examined the effects of doubling the initial inoculum on the rate of pyrene mineralization in similar microcosms (Table 1) . Doubling the Mycobacterium cell concentration increased pyrene mineralization only marginally after 28 days. Effects of preincubation with the Mycobacterium sp. and pyrene preexposure on pyrene mineralization. Table 1 shows the effects of 6 weeks of preincubation with the Mycobacterium sp. and 6 weeks of preexposure to pyrene, alone and in combination, on pyrene mineralization in microcosms from DeGray Reservoir. Microcosms preincubated for 6 weeks with the Mycobacteriirm sp. mineralized pyrene with no lag phase, but the total amount of pyrene mineralized was similar to that observed in microcosms inoculated with the Mycobacteriium sp. at day 0. In contrast, microcosms preincubated for 6 weeks with the Mycobacterium sp. and also preexposed for 6 weeks to pyrene showed slightly elevated levels of pyrene mineralization early in the experiment compared with microcosms inoculated with the Mycobacterium sp. at day 0. However, total pyrene mineralization in all microcosms containing the Mycobacteriuin sp. plateaued around 35 to 40% after 3 weeks, which is similar to the pattern observed in the experiments shown in Fig. 1, 2 , and 3. No pyrene mineralization was detected in microcosms from DeGray Reservoir which had been preexposed to pyrene for 6 weeks but which had not been inoculated with the Mycobacterium sp.
MATERIALS AND METHODS

Chemicals
Effects of nutrient enrichment on pyrene mineralization. Experiments were conducted to determine whether organic or inorganic nutrient enrichment would further enhance pyrene mineralization by the Mycobacteriuim sp. in microcosms from DeGray Reservoir (Fig. 4) . The addition of organic nutrients resulted in decreased pyrene mineralization throughout the experiment. Turbidity and flocculant microbial growth were observed in all organic-nutrientenriched microcosms. Direct examination of water samples from these microcosms by light microscopy showed that this biological material resulted from the growth of a diverse mixture of gram-negative and gram-positive bacteria and that it did not result solely from stimulated growth of the inoculant Mycobacteriuim sp. Pyrene mineralization in identical microcosms which received organic nutrients and twice the cell concentration of the Mlcobawteriu,n sp. was higher than that in microcosms which received a single Mvcobacteriuin inoculum but was lower than that in control microcosms which received no nutrient addition. Inorganic nutrient enrichment affected pyrene mineralization only minimally in microcosms throughout the study (Fig. 4) . The level of pyrene mineralization in sterilized microcosms inoculated with the Mlycobacteriu,n sp. and supplemented with inorganic nutrients was similar to that in nonsterilized microcosms containing the Mycobacteriuttn sp. and inorganic nutrients.
DISCUSSION
The use of microorganisms for in situ removal of chemicals from the environment is dependent upon their survival and performance in natural ecosystems. Once a chemicaldegrading microorganism is isolated or developed in the laboratory, it must undergo a series of experiments to evaluate its survival and performance among natural mixed microbial populations. In addition, it is useful to conduct studies to evaluate factors which may enhance or inhibit the performance of the chemical-degrading microorganism in the environment. Although a microorganism may perform well as a pure culture in the laboratory under optimal conditions, its performance may differ in natural ecosystems when the microorganism is subjected to various chemical and physical conditions and forced to compete with existing microbial populations. In this study, we report the use of a recently discovered PAH-degrading Mwcobac teriumin sp. to enhance the degradation of four ring classes of PAHs in samples from a pristine ecosystem. In addition, we present the results from a series of experiments designed to evaluate the effects VOL. 55, 1989 of microbial competition, inoculum size, PAH preexposure, and nutrient enrichment on the performance of the PAHdegrading Mycobacteriulm sp. in sediment and water microcosms.
The PAH-degrading Mycobac-terilum sp. used in this study was recently isolated from an estuarine ecosystem near Port Aransas, Tex. (4) . This ecosystem has been chronically exposed to petrogenic hydrocarbons from inland-oil-production and -storage facilities. We previously reported that sediments from this ecosystem had relatively high rates of PAH mineralization and elevated populations of hydrocarbon-degrading microorganisms (4) . To date, the Mycobacterium sp. isolated from these sediments has been shown to mineralize naphthalene, phenanthrene, pyrene, fluoranthene, 1-nitropyrene, 6 -nitrochrysene, and 3-methylcholanthrene in pure culture (5) .
In the present study, the Mycobacteriiim sp. enhanced the degradation of four different ring classes of PAHs in microcosms containing sediment and water from DeGray Reservoir, a pristine ecosystem which has low levels of hydrocarbon-degrading bacteria, has low mineralization rates for two-and three-ringed PAHs, and is unable to degrade PAHs containing four or more fused aromatic rings (4 (18) , the present study is the first study in which a natural PAH-degrading microorganism has been shown to survive and to enhance the degradation of highmolecular-weight PAHs in sediment.
Since we previously reported that this microorganism did not utilize pyrene as a sole source of carbon and energy but that it apparently required an additional nutrient source, the mineralization of pyrene appears to occur by cometabolism (5, 6) . However, organic nutrient enrichment inhibited pyrene degradation in the present study. This probably resulted from rapid utilization of peptone and glucose by rapidly growing, indigenous microorganisms instead of the inoculant Mycobacterium sp. This conclusion is supported by the occurrence of turbidity and flocculant microbial growth in organic-enriched microcosms which appeared to be a diverse mixture of bacteria when examined by light microscopy. Organic nutrient enrichment with identical concentrations of peptone and glucose has been reported to inhibit the degradation of di-n-butylphthalate (DBP) in freshwater sediments (11) . This same previous study also reported that inorganic nutrient enrichment had no effect on DBP degradation rates. Similarly, identical inorganic nutrient enrichment in the present study had little effect on pyrene degradation in microcosms. The lack of further enhancement of pyrene degradation by nutrient enrichment in the present study should be regarded as a beneficial characteristic of the Mycobacterium sp. For example, nutrient enrichment of treatment sites for PAH degradation would add to the cost of bioremediation and could significantly alter the limnological characteristics of the ecosystems as a result of eutrophication.
Overall, this study demonstrates the versatility of this PAH-degrading Mycobacterium sp. and expands its potential applications to include the degradation of two-, three-, four-, and five-ringed PAHs in sediments. The Mycobacterium sp. survived and performed well in mixed sediment microbial populations and showed no need for organic or inorganic nutrient enrichment. Future laboratory studies in which the Mycobacterium sp. is inoculated into sediments highly contaminated with PAHs would be useful to fully evaluate its performance in polluted ecosystems. In addition, since we previously determined that this microorganism grows well at salt concentrations of 3% (6) , its potential for use for the bioremediation of PAHs in marine beaches or sediments warrants investigation.
